We examined the effect of 17-estradiol (E2) on the cytokine production by mouse splenocytes. The production of interferon-(IFN-) was enhanced by E2 stimulation. E2 increased the number of cells expressing IFN-and the IFN-mRNA expression level in the cells. There were low-and high-level cells expressing IFN-in the population. The natural killer (NK) cells and NKT cells were the low-level cells expressing IFN-, and the number of these cells was increased by E2 stimulation. In addition, it was suggested that the enhancing effect of IFN-production by E2 was mediated through estrogen receptor (ER) , and ER agonist stimulated IFNproduction. ERs are expressed on plasma membrane as well as in nucleus. The ligand specific to plasma membrane-associated ER (mER) enhanced the IFNproduction. In conclusion, our results indicated that E2 up-regulated the IFN-production by mediating ER, ER and mERs.
The sex-related difference in immune capability is believed to be a consequence of the effect of sex steroids. One of the steroid hormones, 17-estradiol (E2) regulates the production of cytokines, antibodies and chemokines. 1) E2 regulates the interleukin-1 (IL-1) promoter activity or tumor necrosis factor-(TNF-) production by macrophages, 2, 3) and mediates monocyte chemoattractant protein-1 production by dendritic cells. 4) We have also reported that E2 mediates IgM production by mouse splenocytes through direct cellcell interaction. 5) Many of functions of E2 are expressed through estrogen receptors (ERs) which are hormone-dependent transcription factors. 6, 7) It is well known that there are two subtypes of ER: ER and ER. 8, 9) Both of them are found on many immunoregulatory cells such as B cells, T cells, macrophages and natural killer (NK) cells. [10] [11] [12] These facts strongly suggest that estrogens play important roles in the immune system.
It has recently been identified that plasma membraneassociated ERs (mERs) which have some non-genomic functions. Chen has reported that ER mediates one of the E2 functions, non-genomic activation of endothelial nitric oxide synthase. 13) We have also shown that mERs are expressed on the plasma membrane of mouse splenocytes. 5) This suggests mERs play an important role in the E2 functions of the immune system as well as nuclear ERs. However, it has not been understood mERs functions in immune regulatory, yet.
We focused this study on the effect of E2 on interferon-(IFN-) production by T cells, NK cells and NKT cells derived from mouse spleen. It was investigated which cell populations of mouse splenocytes are stimulated by E2. In addition, we studied whether the production of IFN-by mouse splenocytes is regulated through ER, ER or mER.
Materials and Methods
Reagents. Male 8-10 week-old C57BL/6N mice were obtained from Seac Yoshitomi Ltd. (Fukuoka, Japan), and fetal bovine serum (FBS) was obtained from Biofluids (Rockville, MD, U.S.A.). The phenol redfree RPMI 1640 medium, lipopolysaccharide (LPS), E2-conjugated to bovine serum albumin (E2-BSA) and monensin were all purchased from Sigma (St. Louis, MO, U.S.A.). 4,4 0 ,4 00 -(4-propyl-[1H]-prazole-1,3,5-triyl)trisphenol (PPT), 2,3-bis-(4-hydroxyphenyl)-propionitrile (DPN) and ICI 182780 were purchased from Tocris (Bristol, UK, U.S.A.). Rabbit anti-mouse/rat IFN-and rat anti-mouse IL-4 were purchased from Biosource International (Camarillo, CA, U.S.A.). Biotinylated anti-mouse IFN-, FITC-conjugated antimouse IFN-and biotinylated anti-mouse/rat IL-4 antibodies were purchased from Genzyme Techne (Cambridge, MA, U.S.A.). Horseradish peroxidase-cony To whom correspondence should be addressed. Tel/Fax: +81-92-642-3007; E-mail: makorenu@agr.kyushu-u.ac. Cell and cell culture. The spleen was excised from C57BL/6N mouse sedated under diethyl ether anesthesia, and the splenocytes were isolated. The splenocytes were inoculated at 2 Â 10 6 cells/ml in to the phenol redfree RPMI1640 medium containing 5% charcoal-treated FBS, estrogen and 7.8 mg/ml of LPS, and cultured at 37 C in a humidified atmosphere containing 5% CO 2 . This experiment was carried out according to the guidelines for animal experimentation set by the Faculty of Agriculture and Graduate Course of Kyushu University No. 6 of the Japanese government.
Enzyme-linked immunosorbent assay. The amount of IFN-in the culture medium was measured by a sandwich enzyme-linked immunosorbent assay (ELISA) as previously reported.
14) The rabbit anti-mouse/rat IFN-antibody was used to fix IFN-. The antibody solution diluted at 1000 times by PBS was added to a 96-well plate, and incubated for 2 h at 37 C. After washing 3 times with 0.05% Tween20-PBS (T-PBS), each well was blocked with 25% Block Ace solution for 2 h at 37 C. Following blocking reaction, each well was treated with 50 ml of the culture supernatant for 1 h at 37 C. The well was then treated with biotinylated antimouse IFN-antibody diluted 500 times by 10% Block Ace for 1 h at 37 C. A horseradish peroxidase-conjugated streptavidin solution was diluted 1000 times by 10% Block Ace solution and added to each well at 100 ml. A 0.6 mg/ml of 2,2 0 -azino-bis(ethylbenzothazoline-6-sulfonic acid diammonium salt) (ABTS) dissolved in 0.03% H 2 O 2 -0.05 M citrate buffer (pH 4.0) was added to the well at 100 ml, and the absorbance at 405 nm was measured after the addition of 1.5% oxalic acid to terminate the coloring reaction at 100 ml. The well was rinsed 3 times with T-PBS between each step. The amount of IL-4 in the culture medium was measured by ELISA. Rat anti-mouse IL-4 antibody was used to fix IL-4. Each antibody solution adjusted to 1 mg/ml with 0.1 M carbonate buffer (pH 9.5) was added to a 96-well plate and incubated overnight at 4 C. After washing 3 times with T-PBS, each well was blocked with 25% Block Ace solution for 2 h at 37 C. Following blocking reaction, each well was treated with 100 ml of culture the supernatant overnight at 4 C. The well was then treated with biotinylated anti-mouse/rat IL-4 antibody diluted 250 times by 10% Block Ace solution for 1 h at 37 C. Horseradish peroxidase-conjugated streptavidin solution was diluted 500 times by 10% Block Ace solution and added to each well at 100 ml. A 0.6 mg/ml amount of ABTS dissolved in 0.03% H 2 O 2 -0.05 M citrate buffer (pH 4.0) was added to the well at 100 ml, and the absorbance at 405 nm was measured after the addition of 1.5% oxalic acid to terminate the coloring reaction at 100 ml. The well was rinsed 3 times with T-PBS between each step.
RT-PCR analysis. Splenocytes were harvested by centrifugation and washed twice in PBS. Total cellular RNA was isolated by using the Trizol reagent according to the manufacturer's instructions. Ten mg of total RNA was denatured at 70 C with 1 ml of the oligo-dT20 primer (0.5 mg/ml) in a 13.8 ml final volume. The primer-RNA mixture was cooled on ice for 10 min, and 2 ml of dNTPs (10 mM), 0.1 ml of M-MLV reverse transcriptase (20 units), 0.1 ml of RNase inhibitor (10 units) and 4 ml of 5Â buffer were added in 20 ml of final volume. The resuling cDNA sample was subjected to 30 cycles of PCR amplification in the presence of specific sense and antisense primers. Mouse -actin cDNA was amplified as an internal control. Each cycle consisted of denaturation at 94 C for 1 min, annealing at 60 C for 1 min (-actin and IFN-), and DNA synthesis at 72 C for 1 min. The sequences for the PCR primers, sizes and expected amplification product sizes were as follows: for -actin, sense 5 0 -TGGAATCCTGTGGCATCCATGA-AAC-3 0 and antisense 5 0 -TAAAACGCAGCTCAGTA-ACAGTCCG-3 0 (348 bp); for IFN-, sense 5 0 -AACGC-TACACACTGCATC-3 0 and antisense 5 0 -AGCTCATT-GAATGCTTGG-3 0 (398 bp). The amplified PCR products were subjected to electrophoresis on 1.5% agarose gel.
Treatment by the agonist of ER and ER, and by plasma membrane-associated ER. The splenocytes were treated with ER agonist PPT or ER agonist DPN (10 À9 -10 À7 M) for 24 h. E2-BSA binds only to mERs, so the splenocytes were treated with E2-BSA (10 À10 M) for 24 h. All of these studies were performed in the presence of 7.8 mg/ml of LPS.
Flow cytometric analysis of intracellular cytokine and cell surface marker staining. The splenocytes were treated with E2 (10 À10 M) for 18 h after 6 h of 3 mM monensin stimulation.
15) The cells were washed with cold PBS, and then the cells fixed with 3.7% formaldehyde for 5 min at room temperature and treated with 0.05% saponin for 5 min on ice. After washing, the cells were stained with FITC-conjugated anti-mouse IFNantibody for 60 min on ice.
Cell surface marker CD4, CD8 or NK1.1 were stained with PE-conjugated anti-mouse CD4, PE-conjugated anti-mouse CD8 or PE-conjugated anti-mouse NK1.1 antibodies for 60 min on ice. The specimens were analyzed with a Leica confocal laser scanning microscope. FITC and PE were detected by 488 nm argon laser.
Statistical analysis. All data are expressed as the means AE SD. Statistical significance was analyzed by Student's t test (Figs. 1, 2, 4 
Results
Effect of 17-estradiol on cytokine production by mouse splenocytes
We first evaluated the effect of E2 on the production of IFN-and IL-4 by splenocytes isolated from male C57BL/6N mice. As shown in Fig. 1 , the IFNproduction was enhanced by E2 in a concentration range between 10 À11 M and 10 À8 M. The maximum effect was observed at a concentration of 10 À10 M. On the contrary, the production of IL-4 was not effected by E2 stimulation. The time-dependent effect of E2 on IFNproduction was examined. As indicated in Fig. 2A , the enhancing effect of E2 on the IFN-protein level was detected after 24 h, and a significant effect was observed after 48 h. The IFN-mRNA expression was weakly increased by E2 stimulation between 6 h and 12 h (Fig. 2B) .
Intracellular IFN-expression by mouse splenocytes
The intracellular IFN-level in mouse splenocytes was investigated to evaluate whether or not the enhancing effect by E2 has been caused by increasing the productivity of IFN-in each cell. A flow cytometric analysis revealed that the population of cells highly producing IFN-has been increased 2.5-fold by E2 stimulation (Fig. 3A) .
We then evaluated which cell population producing IFN-had been stimulated by E2. As shown in Fig. 3 , the population of the CD4 þ /IFN-þ and CD8 þ /IFN-þ T cell population were not affected by E2 ( Fig. 3B and  C) . However, the population of the NK1.1 þ /IFN-þ cell population was increased from 0.9% to 2.2% by E2 stimulation (Fig. 3D ). NK1.1 is a cell surface marker of NK cells and NKT cells from C57BL/6N mice splenocytes.
16)

Participation of estrogen receptors
We investigated whether or not ERs participated in the regulation of IFN-production. The ER agonist (PPT) significantly enhanced IFN-production, as well as 10 À10 M E2. Particularly, 10 À8 M PPT enhanced the production more than E2 (Fig. 4A) . The ER agonist (DPN) also enhanced IFN-production (Fig. 4B) .
It is well known that ERs are located on plasma membrane as well as in nucleus. 13) We have previously confirmed that plasma membrane-associated ERs (mERs) exist on mouse splenocytes, 5) so we examined whether or not mERs participate in the regulation of IFN-production or not, by using E2-BSA which binds only to mER. Although E2-BSA enhanced the IFNproduction by mouse splenocytes, the effect was lower than that of E2 (Fig. 5 ).
Discussion
We found in this study that the production of IFNwas enhanced by 10 À10 M E2 stimulation. We have previously reported that E2 enhanced IgM production by mouse splenocytes.
5) The optimum E2 concentration for IFN-production was equivalent to that for IgM production. 5) Moreover, this E2 concentration is equivalent to the circulating concentration of postmenopausal women being treated by hormone replacement therapy. 17) Previous reports have shown that E2 activates transcription activity of IL-1 mRNA in macrophages and decreases the LPS-induced NFB-binding activity. 2, 18) Moreover, it has been as reported E2 has a direct A, The splenocytes were treated with E2 (10 À10 M) for 18 h after 6 h of 3 mM monensin stimulation. The cells were stained with FITCconjugated anti-mouse IFN-for 60 min on ice. B, C and D, The splenocytes were treated with E2. Cell surface marker CD4, CD8 or NK1.1 were stained with PE-conjugated anti-mouse CD4, PE-conjugated anti-mouse CD8 or PE-conjugated anti-mouse NK1.1 for 60 min on ice. The cells were stained with FITC-conjugated anti-mouse IFN-for 60 min on ice. The specimens were analyzed with Leica confocal laser scanning microscope. FITC and PE were detected by 488 nm argon laser. A representative example of one experiment from three independent experiments is shown. stimulatory effect on the IFN-promoter activity. 19) Our results also suggest that the enhancing effect of E2 on IFN-production was caused by the accelerated transcription activity of IFN-mRNA.
Recently, the methods for intracellular cytokine staining are becoming widely accepted as a tool for analyzing cell functions. This staining technique allows the delineation of a distinct cytokine subset within a mixed cell population. 20, 21) We applied this method for a flow cytometric analysis to determine which cell populations are targeted by E2. The result of the flow cytometric analysis suggested that the increase in the number of the cells expressing IFN-was one of the reasons for the enhanced production of IFN-. E2 significantly increased the number of cells expressing IFN-. Moreover, it was observed there are two cell populations expressing IFN-at different levels, i.e. the low-and the high-expressing cells. It is well known that IFN-is produced by some kinds of cell populations, such as T cells, NK cells, and NKT cells. 22, 23) It is important to identify which cell population is targeted by E2. CD4 and CD8 are cell surface markers for helper T cells and killer T cells, respectively. 24, 25) E2 did not alter the population of CD4 þ and CD8 þ T cells producing IFN-in mouse splenocytes. However, the population of NK1.1 þ /IFN-þ cells was increased by E2 stimulation. The natural killer NK1.1 þ cells were the low-level IFN-producers. This suggests that the increase in number of low-level IFN-producers is due to the effect of E2 on the NK and/or NKT cells. However, we have not identified which cell population was the high expresser of IFN-, yet. It will be necessary to elucidate the underlying mechanism for how the NK1.1 þ /IFN-þ cell population was increased by E2 stimulation. Previous reports have indicated that the NK cell activity declined with ageing and was associated with the female immune system. 26, 27) These facts suggest that the level of estrogen could be strongly connected with the regulation of NK/NKT cell activity.
Many functions of estrogen, including immunological regulation, are triggered by the binding of estrogen to the estrogen receptors (ERs). 28, 29) There are two ER subtypes termed ER and ER. 8, 9) Staples et al. have reported that ER is important for full development of the thymus and the spleen in male ER knocked-out mice. 30) Recent studies have revealed that an estrogen treatment of oophorectomized ER knocked-out mice induces thymic atrophy, 31) and ER is essential for antibody production by B lymphocytes in the spleen. 10, 32) We have previously reported that E2 modulates IgM production by mouse splenocytes through both types of ERs. 5) PPT is an ER agonist and possesses 410-fold selectivity for ER against ER. 33) DPN is an ER agonist which displays 70-fold selectivity for ER against ER. 34) Both PPT and DPN enhanced the production of IFN-to the level by E2. This suggests that E2 enhances the IFN-production through both ER and ER. Our previous report has shown that mouse splenocytes have mER on plasma membrane, and the enhancing effect of E2 on IgM production is not induced through mERs. 5) However, E2-BSA, a mER-specific ligand, enhanced IFN-production. These findings suggest that some of the immunoregulatory functions of E2 are expressed through different pathways.
In this study, we have demonstrated the effect of E2 on the IFN-production by splenocytes isolated from C57BL/6N mice. The results suggest that NK and/or NKT cells expressing IFN-were increased by E2 stimulation. In addition, E2 could up-regulate IFNproduction through ER, ER and mER.
